Trough mouth fans (TMF) situated at the mouths of formerly glaciated cross-shelf troughs are 10 important palaeoclimatic archives. Whereas the sedimentary processes of large, low-gradient 11
Results 165
The late Cenozoic seismic stratigraphy of the Troms continental margin is detailed in 166 Rydningen et al. (submitted) , and summarized below. Following this, the slope gradient and 167 morphology of the three TMFs and inter-fan areas are presented ( Fig. 3 ; also summarized in 168 Table 1 ). 169
Seismic stratigraphy 170
The middle and outer shelf comprises late Cenozoic sediments which are subdivided into four 171 seismic units: S1 (oldest) to S4, bounded by four regional horizons (T1-T4; Fig. 4A 
and B). 172
Unit S1 is inferred to be of pre-Quaternary age and is completely buried by units S2-S4 173 (Rydningen et al., submitted) . 174
Unit S2 comprises stacked, sub-parallel seaward-dipping clinoforms, interpreted to be 175 dominated by suspension fallout and turbidity currents. Glaciomarine and glaciofluvial 176 conditions prevailed during deposition of unit S2, which commenced at ~2.7 Ma (Rydningen 177 et al., submitted). This unit outcrops on the lower slope of the Andfjorden and Malangsdjupet 178
TMFs, at a water depth of ~1200 m (Fig. 4B) . 179
Unit S3 comprises clinoforms with a steeper gradient, which are interpreted to mark a shift 180 towards more intensified glaciations, including repeated advances of fast-flowing ice streams 181 across the shelf, depositing subglacial deformation till at the shelf break. Later, these deposits 182 were reworked by debris flows and turbidity currents and deposited on the slope (Rydningen 183 et al., submitted). Together with unit S4, this unit makes up the present-day morphology of 184 the Andfjorden and Malangsdjupet TMFs down to where unit S2 outcrops. 185
Unit S4 is a sheet-like deposit which covers the shelf and upper slopes of the Andfjorden and 186
Malangsdjupet TMFs, as well as the entire Rebbenesdjupet TMF. The internal acoustic 187 reflection configuration of the unit on the shelf is aggrading, with several internal 188 12 unconformities which show evidence of former fast-flowing ice streams traversing the cross-189 shelf troughs. Thus, unit S4 also comprises subglacial deformation till (Rydningen et al., 190 submitted). Below, we focus on the sea-floor morphology which represents the upper part of 191 seismic unit S4 on the shelf and upper slope, and the outcropping units S3 and S2 on the 192 lower slope (Fig. 4B) . 193 194 
Continental slope gradient 198
From the convex-shaped shelf break to a water depth of ~1400 m, both the Andfjorden and 199
Malangsdjupet TMFs are characterized by slope angles between 10° and 15° (Fig. 2B) . Areas 200 of highest gradient (~15° to ~35°) are associated with escarpments due to sliding/slumping 201 and gravity flow erosion. At ~1400 m water depth a marked reduction in slope gradient 202 13 occurs; between 1400 and 1600 m water depth the gradient of both fans is between 5° and 203 10°, before it decreases to below 5° between 1600 and 2000 m (Fig. 2B) . From ~2000 m 204 water depth the slope gradient is below 2° (Fig. 2B) . 205
The Rebbenesdjupet TMF is generally characterized by a lower slope gradient. Similar to the 206 other TMFs, this fan is steepest in the upper reaches, with gradients between 5° and 8° down 207 to a water depth of 1200 m. Further downslope the gradient decreases to below 2°. Unlike the 208 other TMFs, the gradient decreases more gradually seaward, i.e. this TMF has no pronounced 209 circumference in its upper part (Fig. 2) . The northern part of the Rebbenesdjupet TMF is 210 coterminous with the southern part of the Håkjerringdjupet TMF ( Fig. 1 and 2) . connection to channels on the shelf has been observed. 224
The gullies represent the upper part of a gully-channel complex which dominates the 225 morphology on the Malangsdjupet TMF (Fig. 5) . Part of a similar system is located on the 226 14 Andfjorden TMF between the Andøya Slide and the Andøya Canyon (Fig. 3) . The gullies 227
show a dispersing character on the upper part of the complexes, probably due to the convex-228 shaped shelf break. The upper gully-dominated part can be followed to a water depth of 229 ~1200 m, where downslope oriented and high-relief ridges occur ( Fig. 5; see below) . On the 230
Malangsdjupet TMF the gullies from this depth merge into channels, which are distinguished 231 from gullies in being wider (1 to 6 km). The channels are coalescing further downslope into 232 three main channels (C1, C2 and C3) from a water depth of ~1800 m (Fig. 5) . This is inferred 233 to be controlled by the distribution and location of the high-relief ridges focusing the flows 234 into the inter-ridge areas and channels. A cut-and-fill pattern is inferred from a seismic profile 235 crossing the lower part of the channels ( Norwegian Current is erosive to a water depth between 500 and 600 m, below the shelf break. 244
The fresh-looking gullies that are not infilled and thus are younger formed after the onset of 245 ice recession, i.e. during the Holocene. 246
Based on the data at hand it is difficult to discriminate between an origin from erosion by 247 sediment-laden bottom currents derived from a shelf break-terminating ice sheet, or small 248 scale sediment failure during LGM for the partly buried gullies. water depths between 1200 and 1800 m ( Fig. 3 and Table 1 ). These features were also 265 identified by Rise et al. (2009) . The ridges are almost perpendicular to the contours, indicating 266 that their overall form is a result of erosion by downslope oriented and gravity-driven 267 processes (Rise et al., 2009 ). Their present relief is also due to erosion from a number of 268 smaller slides (Fig. 5A) . The ridges consist of stiff sediments (Bellec et al., 2012a; . 269
Internally, the ridges are characterized by medium-to high-amplitude reflections, which are 270 truncated by the seabed (Fig. 7) . Hence, the high-relief ridges are interpreted to be erosional 271 remnants in conformity with Rise et al. (2009) . The ridges are deposits from seismic unit S2, 272
i.e. they are interpreted to represent an early glaciomarine to glaciofluvial phase of TMF 273 growth (Rydningen et al., submitted), and they thus protrude and pre-date the upper 274 succession of the TMFs (Fig. 4B) . wide, occur within the upper slide scar, some places forming a stair-case pattern (Fig. 8) . 284
Below these, down to 1700 m water depth, the seabed within the slide has a relatively low 285 relief. Secondary escarpments and small slide blocks characterize the seabed morphology 286 downslope from ~1700 m water depth. The slide scar keeps its width (between 7 and 11 km) 287 to a water depth of ~2100 m, i.e. where the slope gradient is below 2°. Further downslope, the 288 Andøya Slide has affected parts of the Senja Canyon, and the slide widens to more than 20 289 km. Large slide blocks dominate the morphology here ( Fig. 8 and Table 1) , and the displaced 290 mass of remobilized sediments is characterized by a chaotic seismic facies (Fig. 9) . 291
The relatively smooth seabed within the upper parts of the Andøya Slide, and the absence of 292 high-relief ridges in this area, show a complete evacuation of failed masses. Within the slide 293 scar, the stair-case pattern of scars indicates that sediments to different levels were affected. 294
The sediment blocks are probably detached blocks of more consolidated sediments that 295 moved for some distance and then stopped. These could originate from erosion of downslope-296 18 oriented ridges described above, which do not occur within the slide scar. Further into the 297 basin (outside the data coverage), three large debris flow lobes have been identified 298 (Dowdeswell et al., 1996; , implying a total run-out distance of at least 299 190 km for this event. 300
The sliding on the Andfjorden TMF conforms to most large-scale mass-movements on the 301
Norwegian continental slope in that it cuts back all the way to the continental shelf break. Sliding has occurred downslope from a water depth of 400 to 600 m, between 100 and 300 m 323 below the shelf break, and downslope to ~1300 m (Fig. 3) . The slide scars includes irregular 324 headwalls and several secondary escarpments, forming a stair-case pattern of scars that are 325 typically between 10 and 30 m high (Fig. 10) . 326
The headwalls include several smaller, amphitheatre-shaped segments. No sediment ridges or 327 blocks were observed within the scars, indicating complete evacuation of the failed masses. 328
The area upslope of the headwall is nearly completely devoid of landforms; except for a few 329 smaller individual slides and gullies, and iceberg ploughmarks immediately below the shelf 330 break (Fig. 10) . Downslope from ~1300 m water depth, the slide scars become more indistinct 331 and a subdued channel between 10 and 20 m deep and 2 to 3 km wide is observed (Fig. 3) . 332
The stair-case slide scar configuration on the upper Rebbenesdjupet TMF indicates a 333 retrogressive landslide development, similar to the Style 2 mass-movement identified by 334 Baeten et al. (2013) on the continental slope offshore the Lofoten Islands (south of our study 335 21 area). There, the headwall position was explained by an upslope decrease in slope gradient. 336
The slope angle of the Rebbenesdjupet TMF, however, is gently increasing upslope making 337 the influence of gradient less likely. Alternatively, this could be related to variations in 338 composition and/or physical properties of the sediments of the upper Rebbenesdjupet TMF. 339
Further studies are needed in order to clarify this. 340 341 headwall width is 6 km, and the canyon widens to a maximum of 20 km seaward (Fig. 11A) . 352
A topographic long-profile from the headwall shows an overall concave shape with channel 353 gradient declining away from the shelf break (Fig. 11B) . The canyon is V-formed in cross 354 section, and it cuts into a maximum of 1000 m of inferred Quaternary sediments ( approach the western part of the headwall area (Fig. 12A) . The headwall morphology is 366 smooth in its upper part and gullies originate a couple hundred meters below the shelf break. 367 24 These are partly buried in their upper reaches and coalesce with the main canyon channel 368 downslope (Fig. 12A) . 369 370 
377
The western sidewall forms part of the northern slope of the Andfjorden TMF. Close to the 378 headwall, the western sidewall is smooth down to a water depth between 200 and 500 m, 379 except for a submarine landslide (Fig. 11A) . West of this, another slide dominates down to 380 between 800 and 900 m (Fig. 11A) . Further downslope, steep-sided gullies extend down to 381 the base of the canyon (Fig. 11A, 12B and Table 1 ). The gullies are sinuous, and consist of 382 several smaller tributary gullies. V-shaped escarpments are common along the gully thalwegs, 383 indicating areas of higher erosion (Fig. 12B) . 384
The eastern sidewall forms part of the southern slope of the Malangsdjupet TMF, and is also 385 dominated by slides and gullies. The largest slide, here named the Malangsdjupet Slide, is 386 25 characterized by a distinct bathymetric depression and clear-cut sidewalls, which extends 387 down to the base of the Senja Canyon (Fig. 12C) . 388
The main channel is the continuation of the gullies originating at the shelf break and can be 389 traced downslope to the Andøya Slide. The channel most likely coalesced with the Lofoten 390
Basin Channel outside the study area (Amundsen et al., 2015) . Between 900 and 1600 m 391 water depth the channel is between 1 and 2 km wide and relatively flat. Beyond this, the 392 thalweg widens to ~10 km at 2200 m water depth. The inner, deeper part of the main channel 393 keeps its identity to a water depth of ~2000 m, where it branches out (Fig. 11A) . In its lower 394 reaches, the northern part of the channel cuts into a weakly stratified sequence (Fig. 6 ). These 395 sediments are probably overbank deposits accumulated from turbidity currents transported 396 down the canyon channel, i.e. debris derived from the Andfjorden and Malangsdjupet TMFs. 397
Channel C1 and C2 also erode these deposits. Similar overbank sediments are observed north 398 of the Andøya Canyon channel (Fig. 9) (Laberg et al., 2005b; Amundsen et al., 2015) . 399
In summary, the Senja Canyon owns its origin from an interplay of depositional and erosional 400 processes. Both sidewalls are part of the TMFs immediately to the north and south, and 401 sediment failure here, as well as in the headwall area generated gravity currents, focused into 402 the deeper area between the fans where they eroded and thus deepened and widened the 403 canyon. Glacigenic sediments from the Fennoscandian Ice Sheet at or near the shelf break, 404 and sandy sediments from ocean current winnowing during interglacial conditions, were 405 probably also routed through the canyon. 406
The continental slope west of the Malangsgrunnen bank 407
The shelf break at the outer Malangsgrunnen bank is concave. The continental slope has a 408 concave long-profile, and the slope gradient is in general steeper than 5° down to ~1500 m 409 water depth, before it decreases to below 2° at ~1800 m (Fig. 2B) . 
Morphology and sedimentary processes on high-gradient trough mouth fans on the 440

Troms margin 441
The Malangsdjupet TMF is dominated by gully-channel complexes, and similar landforms are 442 also found on the Andfjorden TMF. Thus, the evolution of both fans included sediment 443 transport and distribution through gully-channel complexes. The Andfjorden TMF has more 444 recently been affected by a large submarine landslide, which remobilized much of these 445 complexes. The gradient and morphology of the Rebbenesdjupet TMF differs from the other 446 fans: the gradient is lower, the studied part of the upper fan is dominated by a number of small 447 and relatively shallow slide scars, and no upper-slope gullies have been identified. A similar 448 morphology has not previously been reported from other TMFs; the only area of comparable 449 features occurs on the continental slope offshore the Lofoten Islands (Fig. 1) , an area 450 dominated by contouritic sediments and glaciomarine deposits (Laberg et by Hampton (1972) , is probably a consequence of flow transformation due to the relatively 483 high velocity caused by the steep slope gradient (Fisher, 1983) Holocene age (Laberg et al., 2000) . The results from this study support this interpretation, as 502 progradation of glacigenic sediments, and gullies, mainly inferred to be of glacial origin, have 503 not been identified within the slide scar. 504
From the above results a conceptual model has been compiled, summarizing the sedimentary 505 processes acting on high-gradient TMFs (Fig. 13A) . The model is based on the results from 506 the fans of highest gradient, i.e. the Andfjorden and Malangsdjupet TMFs. In the model, large 507 volumes of subglacial debris were transported beneath fast-flowing ice streams to the shelf 508 30 break. These sediments were deposited as progradational units, which were subsequently 509 partly subjected to a downslope remobilization as erosive turbidity currents forming gullies. 510
Furthermore, high-relief ridges routed the turbidity currents into channels which may have 511 continued into the deep sea basin. Also included in the model is large-scale sliding which may 512 modify the morphology of high-gradient TMFs (Fig. 13A) . 513 514 
High-gradient trough mouth fans in other areas 517
Seaward-bulging depocentres with high gradients are found at glacial trough mouths at both 518 northern and southern high latitudes (Table 2) , and they are here regarded as high-gradient 519 TMF-equivalents. In total, ten high-gradient TMFs (slope gradient >4°) have been identified 520 outside high Arctic cross-shelf troughs (not including the Troms margin), including areas off 521 South and East Greenland, Queen Elisabeth Island, and in the Baffin Bay (Batchelor and  522 31 Dowdeswell, 2014) . Also, high-gradient TMFs are found on the margin off the Antarctic 523 Peninsula (Table 2) Previous studies on high-gradient TMFs generally suffer from a limited access of bathymetric 526 data (Table 2 ). An exception is the study by Amblas et al. (2006) off the Antarctic Peninsula, 527
where swath-bathymetric data covering the inner shelf to the lower slope has been acquired. 528
There, gullies at the upper slope and canyon-channel systems on the continental rise together 529 form a complex dendritic pattern. However, the gullies vanish at the base of the slope, 530
showing no apparent connection with the canyon-channel system downslope. Large sediment 531 mounds are found between 500 and 1000 m above the canyon-channel axes, and are inferred 532 to have formed from settling of suspension clouds from turbidity currents, caused by the 533 considerable hydraulic jump at the base of the North Pacific Peninsula continental slope, 534
where the slope gradient shifts from more than 18° to less than 4°. On the high-gradient TMFs 535 on the continental margin off Troms, a mid-fan relief is instead dominated by high-relief 536 ridges which probably focused turbidity currents into the channels on the lower part of the 537 slope. Thus, the system described by Amblas et al. (2006) resembles the gully-channel 538 complex on the high-gradient TMFs in this study. Nevertheless, differences are found in the 539 transition from gullies to channels on the lower part of the slope. This may relate to the 540 presence or absence of high-relief ridges. 541
Based on seismic data, Clausen (1998) described modern scars in the uppermost part of high-542 gradient TMFs on the SE Greenland margin and related these to slumps and slides. Canyons 543 are absent and gullies are scarce on this part of the margin, suggesting that 'unchannelized 544 debris flows probably was the main process by which the slope prograded' (Clausen, 1998) . 545
Till deltas, deposited at the shelf edge from grounded ice, were subsequently subjected to 546 downslope redeposition, initiated as small-scale slope-failures. The sediment remobilization 547 32 generated GDFs on the slope, which was either deposited as GDF debrites at the lower slope 548 or passed into turbidity currents, identified from channels on the continental rise. As opposed 549 to the upper-slope gullies routing turbidity currents downslope on the continental slope off 550
Troms, the sediment transport across the upper TMFs on the SE Greenland margin appear to 551 have occurred through unchannelized flows. In this regard it should be mentioned that the 552 lack of gullies may reflect the data base available from this area, since gullies are most easily 553 identified on swath-bathymetric data. Further downslope, similar characteristics as the 554
Andfjorden and Malangsdjupet TMFs are found, with channels formed by turbidity currents 555 continuing into the deep sea basin. However, Clausen (1998) (García et al., 2012) . In these areas, however, turbidity currents are inferred to form sediment 567 waves or sediment mounds on the lower slope, probably as a consequence of the lower slope 568 velocities caused by a gradient decrease. In contrast, turbidity currents are channelized 569 through high-relief ridges on the Troms margin TMFs, thus maintaining their velocity 570 downslope, and forming channels on the lower slope. Finally, downslope sediment transport 571 33 from small-scale slides is common in other high-gradient TMFs, while large-scale slides are, 572 unlike in this study, not described. 573
Processes on high-and low-gradient trough mouth fans -a comparison 574
Processes on the low-gradient end member of TMFs are well-studied (e.g. Vorren (Fig. 13B) . GDFs, originating at the upper slope, are found to extend 577 onto the abyssal plain (Fig. 13B) . The individual GDF debrites, the "building blocks" of low-578 gradient TMFs, can be mapped by side-scan sonar (Vogt et al., 1993) terminate on the lower fan, probably due to a decrease in slope gradient, and may continue as 583 turbidity currents further into the basin (Fig. 13B) . Work from the Bear Island TMF show that 584 the lithologies of GDF debrites on the slope are similar to the till on the shelf, i.e. that little or 585 no sediment sorting has taken place during downslope flow (Laberg and Vorren, 1995) . subglacial debris deposited at the Troms margin shelf break during peak glaciations was prone 592 to be reworked into turbidity currents due to higher flow velocity on the steep slope, 593 facilitating sediment transport into the deep sea (Fig. 13A) , and thus maintaining the high 594 to 1200 m water depth, before they merge into channels on the lower slope (C1, C2 and C3). 707
The depths of the channels are illustrated by a bathymetric profile. The Malangsgrunnen inter-708 fan slope is dominated by slides and gullies forming a dendritic pattern merging into C3 on 709 the lower slope. 710 
